Groundwater development in coastal areas induces saltwater intrusion. In many cases amount of groundwater resources available for development is limited by a pre-specified limit of additional saltwater intrusion. In this paper a simple equation is developed to assess available groundwater resources which depends on the constraint of acceptable additional saltwater intrusion. Strack's single-potential analytical solution is used to derive the equation. Available groundwater increases as more additional intrusion is allowed. However, critical points limit both the maximum pumping rate and the allowed saltwater intrusion limit. The equation is presented in the form of design curves from which the maximum pumping rate can be read off quickly. The equation and the design curves are suitable for preliminary estimation of available groundwater resources in coastal areas.
which the maximum pumping rate can be read off quickly. The equation and the design curves are suitable for preliminary estimation of available groundwater resources in coastal areas. (Voss, 1984; Kim, 1996) accounts for effects of solute concentration on the fluid density. This is by far the most physically accurate method. However, data requirement and computational efforts are expensive.
(2) The sharp-interface approach (Reilly and Goodman, 1987) assumes immiscible freshwater and saltwater separated by abrupt (sharp) interface. As the transition zone between two waters is ignored, it is not as accurate as the aforementioned approach.
The approach is suitable for regional groundwater development. Reilly and Goodman (1987) Strack (1976) can be used when simplifying assumptions are applicable (Cheng et al., 2000; Park and Aral, 2003) .
In this work a direct solution of the maximum pumping rate is obtained for design problems, without the use of an optimization technique. Strack's solution is commonly used to determine the response of an intruding saltwater wedge to groundwater pumping. In this work his solution is recast in such a way that the maximum pumping rate, subject to a preset limit on saltwater intrusion, can be determined directly. The solution is simple, but comprehensive in that practically all relevant parameters are accounted for. The solution is also presented as design curves.
Direct solution is possible only when wells are distributed in a regular pattern. In practice such distribution of pumping wells may not be possible.
Therefore, the method proposed herein must be regarded as a tool for preliminary assessment of potential groundwater resources in coastal areas.
MAXIMUM PUMPING RATE

Strack's Single Potential Solution
Strack ( For confined aquifers
For unconfined aquifers
where   is the freshwater head,  is the confined aquifer thickness,  is the elevation of mean sea level above the aquifer base, and s, which equal to     , is the density ratio of the saltwater and freshwater,   and   are the saltwater and freshwater densities, respectively.
The potential functions satisfy the Laplace
The interface location  can be defined through the use of proper boundary conditions:
For confined aquifers:
For unconfined aquifers:
The toe of the saltwater wedge is located at   , from Eqs. (6) and (7) (a) a confined aquifer (b) an unconfined aquifer Fig. 1 . Cross-sectional Views of Coastal Aquifers For confined aquifers:
The freshwater potential for multiple wells, in an aquifer with uniform flow, can be obtained using the method of superposition (Strack, 1976; Cheng et. al, 2000 )
where   is the pumping rate from well ; (  ,   ) is well coordinate.
By combining Eq. (8) or Eq. (9) and Eq. (10), we can get equations for toe positions:
Basic Dimensionless Equations
Determination of the maximum pumping rates which would limit the saltwater intrusion to a pre-specified location when wells are arbitrarily ③ The well spacing between neighboring wells is constant at , the length of the coastal line is
④ All wells share the same pumping rate .
These assumptions always place a well along the  axis (Fig. 2) and guarantees symmetrical distribution of wells with respect to -axis.
Following above assumptions, well coordinates (  ,   ) can be described as      ,     ⋯   ⋯  and   is equal to a constant . 
Eq. (13) identifies toe coordinates (, ) when   equally spaced wells are pumping at . Since the wells are distributed symmetrically with respect to the  axis, it is clear from the superposition principle that the maximum intrusion of saltwater wedge occurs along the  axis. Since the maximum intrusion occurs along the  axis, it is straightforward to determine the desired maximum pumping rate while limiting the saltwater intrusion to a pre-specified location (say,      ). The desired maximum pumping rate can be obtained by solving for  after substituting    and      in Eq. (13). When wells are arbitrarily distributed, the maximum intrusion location is not known and thus, the maximum pumping rate cannot be determined directly. The simulation and optimization approach is needed.
Prior to groundwater development, fresh groundwater discharge and intruding saltwater is in equilibrium. For this condition the toe location can be obtained by setting    in Eq. (13). The pre-development toe position is
Eq. (13) is normalized using the following dimensionless variables:
where  is the dimensionless pumping rate,   is the well position, and  is the dimensionless well spacing.
Dimensionless form of Eq. (13) 
Limitation of Maximum Pumping Rate
Eq. (17) shows that the dimensionless pumping rate  is proportional to additional intrusion length      . Therefore, by allowing more intrusion more groundwater can be developed. It is true to some extent Fig. 3(a) and (b). But increase in pumping rates is limited by a critical point (Strack, 1976) .
The critical point is defined as a point where stagnation point M induced by the pumping and the toe of the interface coincide, shown in Fig. 3(c) . The pumping rate caused the two points coincide is called the critical pumping rate   . When the pumping rate  is increased even slightly from the critical pumping rate, the saltwater would contaminate the well Fig.   3(d) . Therefore, the maximum pumping rate is limited by   , and the pre-specified limit of saltwater intrusion (   ) is also limited by the critical point. 
DESIGN CURVES-DESIRED PUMPING RATES
Eqs. (17) and (18) provide complete information on   subject to    . However the maximum pumping rate limited by the critical point is not evident. When these equations are cast in the form of design curves, the limit posed by the critical points can be made obvious. Since the pumping rate is a function of three independent variables, we need to set one variable to derive design curves in a plane.
In this section, design curves for the designed pumping rate are presented as a function of pre-and post development toe positions when the number of wells are 3 (Fig. 4(a) ), 5 (Fig. 4(b) ), 7 (Fig. 4(c) ), and 9 (Fig. 4(d) ). The figures shows two trends as more well are used:
(1) For a given set of pre and post development conditions, pumping rate for an individual well is decreasing. Fig. 4(b) ). In this case, the design curves yields the dimensionless pumping rate to be  ≈ . As we can see from the figure the maximum saltwater intrusion position is limited by 0.4, as desired. 
DESIGN CURVES-MAXIMUM PUMPING RATE
Figs. 4(a)～(d) identified the desired pumping rate () for a given combination of pre-and post development conditions. It is clear that for a given predevelopment condition of the number of wells, the maximum possible pumping rate ( Fig. 6(a) ) and the maximum intrusion location (Fig. 6(b) ) can be determined.
CONCLUSION
A simple method is proposed to estimate potential groundwater resources in coastal areas. Pumping rates can be determined for a given set of hydrogeologic and operational conditions. Practically all the relevant variables are accounted for in estimating the pumping rates, making the method To certain extent the available groundwater, pumping can be increased by allowing more saltwater intrusion. However, the maximum saltwater intrusion is limited by so-called critical points that lie between the pre-development toe and the pumping well. This point then identifies the maximum pumping rate.
Design curves are presented for the pumping rates as a function of pre and post development toe positions, maximum pumping rates and maximum intrusion locations as functions of pre development toe position and well spacing.
As with other analytical solutions the equation derived theoretically in this work needs to be validated against field observations. Future study is desired.
